is the normalized relative intensity of spectrum i in the label k. The reporter ion ratios were then determined using the formula (2): For protein quantification, only unique peptides were taken into consideration. The 2 5 0 relative protein ratio was calculated using the mean relative intensity ratio of all 2 5 1 unique peptide spectra in each protein using the formula (3) (3) 2 5 3
Where 8 combinations of optimal MLGs markers maximising the discrimination accuracy 2 6 9 between each two groups were thus determined by RF using an embedded feature 2 7 0 selection strategy as previously reported [33] . The importance values of 2 7 1 model-selected MLGs were calculated using "mean decrease in accuracy" strategy. Spearman's rank coefficient correlation (SCC) analysis was used for correlations 2 7 5 between MLG profiles and phenotypic factors, and between number of meta-proteins 2 7 6 and metagenomic abundances at the genus level, and between the levels of proteins. The significance cut-off for SCC was set at an FDR adjusted P < 0.05. Differentially enriched KEGG modules were identified according to reporter Z-scores 2 8 1 [34] . Z-score for each KO was first calculated from Benjamín-Hochberg (BH)-adjusted P values 2 8 2 from Wilcoxon rank-sum tests of comparisons between each two groups. The aggregated Z-score 2 8 3 for each module was calculated using Z-scores of all individual KOs belonging to the 2 8 4 corresponding module. A module was considered significant at a |reporter Z-score | ≥ 2 8 5 1.96. Kruskal-Wallis test was conducted to detect the differences in continuous phenotypic 2 8 9 factors, microbial diversity, richness and MLG relative abundances between 2 9 0 1 2 multi-groups. Dunn's post hoc tests followed by pairwise comparisons were applied to 2 9 1 explore the differential phenotypes and MLGs between each two groups (R version 2 9 2 3.3.2, PMCMR package 4.1). The Dunn's post hoc p-values were adjusted with 2 9 3 the Benjamini-Hochberg method among multiple pairwise comparisons. The 2 9 4 significance cut-off was set as a Dunn's post hoc P value less than 0.05. Wilcoxon 2 9 5 rank-sum test was performed for comparisons of MLG relative abundances between 2 9 6 published TN-T2D patients from Shanghai [9] and NGT or Pre-DM from the Suzhou 2 9 7 cohort in this study for validation purposes. The significance cut-off of Wilcoxon 2 9 8 rank-sum test was set as a P value less than 0.05. Detailed information on enrichment 2 9 9
of MLGs between groups is provided in Table S5 . 3 0 0
Wilcoxon rank-sum test was conducted to detect differences in protein levels between 3 0 1 each two groups. The significance cut-off for proteins was set as a P value less than 3 0 2 0.05, and a fold change of protein levels > 1.2 or < 0.8. Chi-square test was conducted 3 0 3 to detect the distribution of differences in discrete phenotypic factors, such as sex and 3 0 4 treatment distribution between groups, and to identify differences in taxonomic and 3 0 5 functional assignments between metagenomic and metaproteomic datasets. The 3 0 6 significant cut-off was set as P value less than 0.05. Metagenomic sequencing data for 254 faecal samples can be accessed from China 3 1 0
Nucleotide Sequence Archive (CNSA) with the dataset identifier CNP0000175. Experimental design 3 1 7
The cohort consisted of 77 TN-T2D patients, 80 Pre-DM individuals and 97 NGT 3 1 8 individuals from Suzhou, China (Methods , Table S1 ). The three groups were 3 1 9 1 3 matched regarding body mass index (BMI) and sex (P > 0.05), but individuals with 3 2 0 TN-T2D (mean age 66 +/-8 years) were on average 5 years older than individuals in 3 2 1 the two other groups (Table S1 ). Shotgun metagenomics was performed on faecal 3 2 2 samples from all participants, whereas metaproteomics profiling was performed on a 3 2 3 subgroup of 84 participants, including 28 age-, sex-, and BMI-matched individuals 3 2 4 from each group (Figure 1) . 3 2 5 3 2 6
Distinct metagenomics profiles in Chinese prediabetic and type 2 diabetic 3 2 7 individuals 3 2 8
Shotgun metagenomic sequencing of the 254 stool DNA samples was performed 3 2 9
using the BGISEQ-500 platform and raw reads were filtered and aligned to the 3 3 0 integrated gene catalogue (IGC) of the human gut microbiome to generate gene, 3 3 1 taxonomic and functional profiles as previously described (Methods , Table S2 ). In 3 3 2 line with previous studies [4] [5] [6] , no significant differences in microbial gene-based 3 3 3 richness, alpha-diversity, and beta-diversity were found between the NGT, Pre-DM, 3 3 4 and TN-T2D individuals (Figure S3 , Kruskal-Wallis (KW) test, P > 0.05). Using a 3 3 5 metagenome-wide association approach [4], we identified 266,015 3 3 6 T2D-associated genes (KW test, P < 0.05) and clustered these genes into 126 3 3 7 metagenomic linkage groups (MLGs, ≥ 100 genes, Table S5 ). 3 3 8
We further applied the KW test to detect statistically significant differences in the 3 3 9 relative abundances of MLGs between individuals with NGT, Pre-DM, and TN-T2D. Roseburia hominis (MLG-14865 and MLG-14920) were significantly lower in 3 4 3 individuals with Pre-DM or TN-T2D (Figure 2A , Table S5 , Dunn's post hoc test, P < 3 4 4 0.05), which is in agreement with previous findings in a Danish T2D cohort [6] . In 3 4 5 addition, we found that the abundance of the butyrate-producing Faecalibacterium Additionally, Pre-DM individuals also exhibited a significant enrichment in E. coli 3 5 3 abundance compared to TN-T2D individuals (Figure 2A , P < 0.05). Moreover, we (Figure 2A , Table S5 , Wilcoxon rank test, P < 0.05). A summary of gut 3 6 8 microbial taxa reported in previously published cross-sectional T2D or prediabetes 3 6 9 studies is presented in Table S6 .
We next performed Spearman's rank correlation analysis to explore the associations 3 7 1 between host phenotypes and MLGs. M. elsdenii and four unannotated MLGs 3 7 2 enriched in TN-T2D individuals showed significantly positive correlations to 3 7 3 glycaemic indices, including homeostasis model assessment of insulin resistance 3 7 4 (HOMA-IR), fasting blood glucose (FBG), 2h post-load glucose (2h-PG), and HbA1c, 3 7 5
whereas MLGs enriched in NGT were negatively correlated with the abovementioned 3 7 6 indices (adjusted P < 0.05, Figure S4A-B) . Very few MLGs showed significant 3 7 7 correlations with non-glycaemic indices, such as age, BMI and systolic blood pressure 3 7 8 1 5
(SBP) ( Figure S4 ). 3 7 9
To assess the discriminative power of MLGs in T2D and identify key MLGs 3 8 0 differentiating individuals with respect to different disease stages, we applied a 3 8 1 feature selection approach and constructed Random Forest (RF) classification models 3 8 2 comparing the groups (Methods). Remarkably, the RF models provided high 3 8 3 performances regarding classification of samples from the two different disease stages, We also validated the predictive power of the RF models between TN-T2D and other 3 9 1 two groups, which showed an accuracy of 76. 6% (72 of 94 patients) for disease 3 9 2 prediction in a previously described TN-T2D cohort from Shanghai (Table S7 ) [9] . 3 9 3
We next performed KEGG enrichment analyses to examine possible differential 3 9 4 patterns of microbial functional potentials in NGT, Pre-DM and TN-T2D individuals 3 9 5 (Table S8) . Interestingly, we observed a significant enrichment in modules 3 9 6 comprising several sugar phosphotransferase systems (PTS), ATP-binding cassette 3 9 7 transporters (ABC transporters) of amino acids, and bacterial secretion systems in the 3 9 8 gut microbiota of Pre-DM compared to NGT individuals (reporter score ≥ 1.96, 3 9 9 Figure 2D ). Likewise, in line with previous findings in several Chinese cohorts with 4 0 0 metabolic diseases, such as atherosclerotic cardiovascular disease (ACVD), obesity 4 0 1 and T2D [36], a similar enrichment was found in TN-T2D patients compared with 4 0 2 NGT individuals ( Figure 2D) . The abundances of the transport system for microcin C, 4 0 3 a peptide-nucleotide antibiotic produced by Enterobacteria [37] , and the transport 4 0 4 system for autoinducer-2 (AI-2), a quorum sensing signalling molecule reported in 4 0 5
Proteobacteria [38] , were also significant higher in Pre-DM than in NGT individuals 4 0 6 ( Figure 2D) . Except for enrichment of type II-IV secretion and AI-2 transport systems 4 0 7 1 6
in Pre-DM vs TN-T2D, we found no other KEGG modules for PTS and ABC 4 0 8 transporters to differ significantly in abundance between Pre-DM and TN-T2D 4 0 9 individuals ( Figure 2D) . However, Pre-DM individuals displayed a significant 4 1 0 reduction with respect to several energy and nucleotide metabolism modules Gut metaproteomics simultaneously identifies faecal levels of microbial and 4 1 8
human proteins 4 1 9
To gain further insights into functional changes in the gut microbiota associated with 4 2 0 T2D, we conducted metaproteomic analyses using iTRAQ (isobaric peptide tags for 4 2 1 relative and absolute quantification) and LC-MS/MS-based protocols on 84 samples, 4 2 2 with 28 samples derived from each of the three diagnostic groups (Methods, Figure  4 2 3 S1). Using the strict parameters of 2 peptide-spectrum matches (PSMs) per protein, < 4 2 4 10 ppm mass error and 1% PSM-level FDR (Methods), we identified a total of 4 2 5 145,014 high quality PSMs corresponding to 15,670 proteins, including 15,245 4 2 6 (97.29%) microbial proteins and 425 (2.71%) human proteins ( Table S9 ). As reported 4 2 7 [14, 19, 20] , one microbial peptide often exhibits matches to multiple proteins with 4 2 8 high sequence similarity, resulting in difficulties in identifying the microbial origin of 4 2 9 individual peptides. To alleviate ambiguities, we applied a maximum parsimony 4 3 0 principle reported in recent studies [14] , [39] and generated 11,980 non-redundant 4 3 1 meta-proteins (78.58% of microbial proteins) containing at least one unique microbial 4 3 2 peptide. The relative intensities of these unique peptides were further used for 4 3 3 meta-protein quantification (Methods , Table S9 ). The number of identified 4 3 4 meta-proteins ranged between 5,067 in the Pre-DM samples to 8,134 in the TN-T2D 4 3 5
samples (Table S9 ). Venn diagrams showed that only 2782 meta-proteins (34.2%-54.9% 4 3 6 of the total number of meta-proteins per group) were shared among the three groups 4 3 7 1 7 ( Figure S5A) , indicating differential microbial expression patterns at the protein level 4 3 8 among the groups. Taxonomic annotations indicated a higher percentage of unique 4 3 9
Proteobacteria meta-proteins in Pre-DM individuals, compared to the other groups 4 4 0 (Chi-square test, P < 0.05, Figure S5B ), whereas no difference in the distributions of 4 4 1 the uniquely detected meta-proteins associated with a wide range of functions was 4 4 2 found between the three groups ( Figure S5C) . At the phylum level, more than 90% genes and meta-proteins were consistently 4 4 9 assigned to three major phyla, namely Firmicutes, Bacteroidetes and Proteobacteria 4 5 0 ( Figure 3A) . Despite the overall consistency, we found a significantly higher 4 5 1 percentage of the annotated proteins to be assigned to Bacteroidetes (41%) compared 4 5 2 to the percentage of genes annotated to Bacteroidetes (25%) (Chi-square test, P < 0.05, 4 5 3 Figure 3A ), suggesting that Bacteroidetes might display an overall higher protein 4 5 4 production than the other phyla across the 84 samples. At the genus level, the 4 5 5 composition of the metaproteomes was biased towards a limited number of genera. 4 5 6
Among 212 common metagenomically-identified genera detected in at least 10% of 4 5 7 the 84 samples, only 81 genera (38.21%) could be detected based on metaproteomics 4 5 8 (Table S10) . Spearman's rank correlation analysis was subsequently performed to 4 5 9 determine the relationship between the number of meta-proteins and the abundances 4 6 0 at the genus level based on metagenomics. The more abundant a given genus was 4 6 1 based on metagenomics analysis, the more of the identified meta-proteins were 4 6 2 assigned to this genus (Spearman's correlation coefficient (SCC) = 0.726, P = 4 6 3 5.21E-08, Figure 3B, Faecalibacterium (n=719) harbouring most assigned meta-proteins. For a few genera, 4 6 5 such as Anaerotruncus (n=9), Paraprevotella (n=9) and Enterococcus (n=7), we were 4 6 6 1 8 only able to identify less than 10 meta-proteins although their median metagenomic 4 6 7 abundances were greater than 1E-04 (Table S10 ). 4 6 8
Comparing KEGG functional categories based on metagenomics and metaproteomics 4 6 9 data, we observed large differences in the relative contribution of individual 4 7 0 categories between the two datasets (Chi-square test, P < 0.05, Figure 3C) , in 4 7 1 accordance with several previous studies [14, 19, 20] . For instance, as determined by 4 7 2 metaproteomics, 24% and 18% of the proteins were assigned to carbohydrate 4 7 3 metabolism and translation categories, whereas the corresponding metagenomic 4 7 4 percentages of the two categories were only 11% and 4%, respectively (Figure 3C) . 4 7 5
We found that 1508 meta-proteins, accounting for 12.59% of all identified 4 7 6 meta-proteins, could be assigned to 10 KEGG orthologues (KO). The top KOs Aiming to link the microbial protein patterns to metagenomic microbial abundances, 4 8 4 we next conducted a fold-change analysis of meta-proteins. In agreement with our 4 8 5 metagenomic findings (Figure 2A) , the Proteobacteria meta-proteins (mainly from 4 8 6
Escherichia, Citrobacter and Enterobacter) exhibited enrichment in the Pre-DM 4 8 7 group, whereas Bacteroides meta-proteins were enriched in TN-T2D individuals 4 8 8 ( Figure 3D , Table S12 , P < 0.05 and fold change of protein intensities > 1.2). 4 8 9
Surprisingly, Prevotella meta-proteins were selectively enriched in Pre-DM 4 9 0 individuals (Figure 3D) , although no Prevotella annotated metagenomic MLGs 4 9 1 exhibited significantly higher abundance. At the functional level, we observed that the 4 9 2 level of meta-proteins involved in carbohydrate metabolism tended to be lower in 4 9 3
NGT compared to Pre-DM and TN-T2D individuals, including those involved in the 4 9 4 metabolism of succinate (Figure 3E, Figure S6B , Table S11 ). 4 9 1 9 4 9 6
Functional characteristics of faecal excreted human proteins in T2D 4 9 7
Among the 425 detected human proteins, we identified 218 human proteins that were 4 9 8 shared among the NGT, Pre-DM, and TN-T2D groups, accounting for 59.6% to 85.2% 4 9 9 of the identified human proteins in each group (Figure S7A) . We next annotated the 5 0 0 human proteins with Gene Ontology (GO) terms to obtain insight into the functional 5 0 1 characteristics of the human proteins excreted in faeces (Table S13) . Among the 5 0 2 identified proteins, 181 (42.59%) had previously been identified in faecal samples by 5 0 3 metaproteomics, indicative of their general presence (Table S14 ) [14, 19, 20] . These 5 0 4
included several intestinal mucin proteins, such as MUC-1, MUC-2, MUC-4, MUC5B, 5 0 5
MUC12 and MUC-13 as well as members of annexins (ANXA1-ANXA7, a family of 5 0 6 calcium-binding proteins) ( Table S14 ). We identified 233 of the faecal human 5 0 7 proteins to have tissue-specific annotation, amongst which 151 proteins (64.81%) 5 0 8
were reported to exhibit high expression in the digestive system, and the remaining 5 0 9
proteins were annotated to be highly expressed in blood or other tissues such as 5 1 0 epidermis (Table S13 ). Of interest, 18 of the human proteins were annotated as AMPs 5 1 1
[40] ( Table S13) . Several human proteins involved in glucose metabolism, including 5 1 2 the sodium/glucose cotransporter 1, were detected in faecal samples of TN-T2D 5 1 3 patients only (Figure S6B) . Inhibitors of this protein have been proposed for 5 1 4 antidiabetic treatment 26 . Additionally, the TMAO-producing enzyme, dimethylaniline 5 1 5 monooxygenase [N-oxide-forming] 3 (FMO3) was also identified exclusively in the 5 1 6 TN-T2D group (Table S13) . On the other hand, we found that ras 5 1 7
GTPase-activating-like protein (IQGAP1) and unconventional myosin-Ic (MYO1C) 5 1 8
were uniquely identified in the NGT group (Figure S7B) . Loss of IQGAP1 and 5 1 9 MYO1C has been related to impairment of insulin signalling [43] [44] [45] , but whether 5 2 0 their presence in faeces has functional implications remains to be established. Forty-nine of the human proteins present in faeces were found to differ significantly 5 2 3 in intensity between at least two of the groups (Figure 4A, Table S15 ). We found 5 2 4 2 0 significantly higher levels of four AMPs, including defensin-5, neutrophil defensin-1, 5 2 5 lysozyme c, as well as secreted phospholipase A2, all with important roles in the 5 2 6 defence against bacteria [46] [47] [48] , in faecal samples from NGT individuals than in 5 2 7 samples from TN-T2D individuals (Figure 4A) . We also found higher levels of 5 2 8 mucin-5AC samples from NGT compared to TN-T2D individuals, suggesting 5 2 9 possible effects on the mucus barrier in TN-T2D. Interestingly, the level of the 5 3 0 antimicrobial cathepsin G, reported to inhibit the growth of several organisms from 5 3 1 the Proteobacteria phylum [49] , was higher in samples from Pre-DM than NGT and 5 3 2 TN-T2D, and this was coupled to lower levels of alpha-1-antichymotrypsin and 5 3 3 alpha-1-antitrypsin, both known inhibitors of cathepsin G [50] (Figure 4A) , 5 3 4 suggesting that Pre-DM individuals have initiated strategies to activate a defence 5 3 5 system against the enhanced relative abundances of E. coli. By contrast, we found that 5 3 6 several proteins within the immunoglobulin superfamily were present at lower levels 5 3 7 in samples from Pre-DM compared to NGT or TN-T2D (Figure 4A) . Individuals with 5 3 8
Pre-DM also exhibited lower levels of galectin-3, a lectin with 5 3 9 beta-galactoside-binding ability. Galectin-3 has been reported to bind reducing the impact of the inflammation-inducing activity of LPS. We also found that 5 4 7
several digestive enzymes differed in levels in faeces from NGT, Pre-DM, and 5 4 8 TN-T2D individuals. Thus, we found lower levels of proteases (trypsin and 5 4 9 chymotrypsin and their precursors) and lipases, and higher amylase (AMY1) levels in 5 5 0 TN-T2D (Figure 4A) . It is also interesting to note that the level of dipeptidyl 5 5 1 peptidase 4 (DDP4), known to inhibit insulin secretion via its action on GLP-1, was 5 5 2 lower in individuals with Pre-DM than in TN-T2D individuals. A network analysis 5 5 3 F.prausnitzii (4) 
